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Abstract
Brown rust epidemics in sugarcane, caused by Puccinia
melanocephala, vary in severity between seasons. To
improve the understanding of disease epidemiology,
the effects of leaf wetness, temperature and their inter-
action on infection of sugarcane by the pathogen were
studied under controlled conditions. Disease severity
was low at 15 and 31�C regardless of leaf wetness
duration. No infection occurred with a 4-h leaf wet-
ness period. Increasing leaf wetness duration from 7 to
13 h lowered the temperature required for disease
onset from 21 to 17�C. More infection occurred with
13 compared to 10 h of leaf wetness at 17�C, and
severity decreased for all leaf wetness periods at 29
compared to 27�C. Postinfection suboptimal low and
high temperatures increased the time required for
lesion development and high temperatures decreased
maximum disease severity. The observed effects of leaf
wetness and temperature on infection by P. melanocep-
hala could help explain the initiation, rate of increase
and decline of brown rust epidemics in the field.

Introduction
Brown rust, caused by Puccinia melanocephala Syd. &
P. Syd., can cause severe yield losses in susceptible
sugarcane (Saccharum inter-specific hybrids) cultivars
in most production regions (Raid and Comstock
2000). Yield reductions of 10–40% due to brown rust
have been reported for susceptible cultivars, and severe
epidemics can cause losses up to 50% (Purdy et al.
1983; Comstock et al. 1992; Raid and Comstock
2006). Losses as great as 22% were reported in Louisi-
ana (Hoy and Hollier 2009). Several variables are asso-
ciated with disease severity, including host resistance
and pathogen virulence (Raid and Comstock 2000;
Asnaghi et al. 2001; Shine et al. 2005), plant age
(Comstock and Ferreira 1986), weather conditions
(Sandoval et al. 1983; Irey 1987; Raid and Comstock
2006), and plant nutrition and soil characteristics

(Anderson and Dean 1986; Anderson et al. 1990;
Johnson et al. 2007). Leaf wetness and temperature
have been suggested to be the most important environ-
mental variables affecting brown rust development
(Purdy et al. 1983; Sandoval et al. 1983; Raid and
Comstock 2000, 2006).
Leaf wetness defined as free moisture on the leaf

surface for at least 8 h was found to be a requirement
for brown rust infection (Raid and Comstock 2000).
Infection was observed to be greatest when plants were
incubated with leaf wetness for 14 h in the dark fol-
lowing inoculation (Ryan and Egan 1989). Water orig-
inating from dew has been suggested to be the most
important moisture source during epidemics (Raid and
Comstock 2006). Rain did not correlate with rust
severity in one study (Comstock and Ferreira 1986),
and although it creates leaf wetness, rain also could
have a detrimental effect by washing urediniospores
from the leaf surface (Raid and Comstock 2006).
Urediniospore germination and appressorium forma-

tion occurred over a wide temperature range from 5 to
34�C, with an optimal range from 15 to 30�C (Soto-
mayor et al. 1983). In other studies (Sahni and Chona
1965; Hsich et al. 1977), optimal germination occurred
between 21 and 26�C, with urediniospore germination
rapidly decreasing with temperatures exceeding 30�C
(Sotomayor et al. 1983). Urediniospores were reported
to rapidly lose viability when temperatures increase
above 35�C (Purdy et al. 1983).
The effects of environmental variables on postin-

fection development of brown rust have not been stud-
ied. However, temperature has been shown to affect
latent period length and infection efficiency for other
rust fungi (Eversmeyer et al. 1980; Webb and Nutter
1997).
High temperatures under field conditions have been

linked with lower brown rust severity and the decline
of epidemics (Liu and Bernard 1979), but the effects of
temperature on infection are not well understood. It
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has been suggested that high temperature affects the
viability of spores (Purdy et al. 1983) and their germi-
nation (Sotomayor et al. 1983). A significant reduction
in the number of trapped urediniospores in spore sam-
plers followed the occurrence of maximum daily tem-
peratures above 30�C in Florida (Irey 1987).
Additionally, the natural decline of epidemics was
observed when maximum daily temperatures exceeded
32�C in Louisiana (Barrera 2010).

Information is incomplete concerning the effects of
leaf wetness and temperature and their interaction on
leaf infection by P. melanocephala and disease develop-
ment. The objectives of this study were to investigate
under controlled conditions the effects of leaf wetness
and temperature on infection by P. melanocephala and
disease severity, including the postinfection effect of
temperature, in order to gain a better understanding of
how the interaction of these variables affects brown
rust epidemic development.

Materials and Methods
Urediniospores of P. melanocephala were collected
with a vacuum device (Model DC515; DEWALT
Industrial Tool Corp., Baltimore, MD, USA) equipped
with a cyclone spore harvester (G-R Manufacturing,
Manhattan, KS, USA) from naturally infected leaves
of multiple susceptible cultivars during 2009 and 2010.
Spores were tested for viability by plating on water
agar overnight at room temperature ca. 23�C and pre-
served at )80�C. These spores were used to inoculate
leaves on sugarcane plants that were then exposed to
different combinations of temperature and hours of
leaf wetness. Urediniospore viability was determined
by plating on water agar at room temperature at the
time of each inoculation and ranged from 22 to 30%
during the experiments.

Plants of brown rust susceptible cultivar Ho 95-988
(Tew et al. 2005) produced from single-bud cuttings in
the greenhouse were used in the experiments. Plants
were between 60 and 85 days old with approximately
four fully emerged leaves at the time of inoculation.
The substrate used for growing the plants was a 1 : 1
mixture of silt loam soil and sand. Plants were fertil-
ized with 15-11-15 N-P-K 2 weeks prior to inoculation
with the pathogen.

Plants were inoculated with a urediniospore suspen-
sion containing approximately 1 · 106 spores⁄ml. To
achieve this, spores were suspended in a solution con-
taining distilled water and 0.1% Tween 20. Spore con-
centration was assessed with a haemocytometer and
adjusted accordingly. Inoculum was applied to both
sides of one fully emerged leaf per plant with a brush
until a film of moisture was visible. To maintain
defined periods of leaf wetness, the inoculated leaf was
introduced in a horizontally positioned glass test tube
(70 ml, 25 · 200 mm) containing 3 ml of distilled
water. Tubes were sealed with Parafilm (Pechiney
Packaging Company, Chicago, IL, USA) and then
held in a stable horizontal position with tube racks.
Entire plants including inoculation chambers were

placed inside an upright cabinet incubator (Model
3740; Forma Scientific, Marietta, OH, USA) at a given
temperature in the dark. During the infection period,
temperature was monitored with a thermocouple tem-
perature sensor (Model 3667s; Spectrum Technologies,
Plainfield, IL, USA). The temperature variation within
the incubator never exceeded ±1�C. After the leaf
wetness period for a given treatment was completed,
the glass tube was removed from the leaf, and the leaf
was allowed to air dry. After inoculation, plants were
placed on shelves with 12 h⁄day artificial lighting for
14 days at room temperature (23 ± 1�C). Disease
severity was assessed after 14 days by counting at 10·
magnification the total number of necrotic lesions for
each inoculated leaf. Lesion density per cm2 was calcu-
lated by dividing the total number of lesions by the
leaf area. Leaf area was determined by image analysis
with Assess software (APS Press, American Phytopath-
ological Society, St. Paul, MN, USA).

Temperatures tested were 15, 17, 19, 21, 23, 25, 27,
29 and 31�C, and leaf wetness periods tested were 4, 7,
10 and 13 h. All temperatures were evaluated in com-
bination with each of the leaf wetness periods. Every
combination consisted of four replicates that received
the same leaf wetness treatment within a single incuba-
tor at each temperature. The experiment was
performed twice.

The effect of temperature, leaf wetness and their
combined effects on infection was analysed with the
Randomization test (R statistical program; R Founda-
tion for Statistical Computing, Vienna, Austria). Due
to lack of normality in the experimental data, statisti-
cal analyses of the different levels of temperature and
leaf wetness were made with Friedman�s nonparamet-
ric test (InfoStat Statistical Software, National Univer-
sity of Córdoba, Argentina).

The effects of temperature on the time required for
lesion development and maximum disease severity were
studied using the same plant growth and inoculation
procedures as described previously. To insure leaf wet-
ness and temperature would be favourable for infec-
tion, inoculated leaves were exposed to an 18-h leaf
wetness period at 23 ± 1�C. Then, the glass tube was
removed from inoculated leaves, and plants were
placed inside incubators (Model 3740; Forma Scien-
tific) under a 12-h day at a given temperature for
14 days. Temperatures tested were 15, 20, 25, 30 and
32�C. Plants were temporarily removed from the incu-
bator, and lesion development was quantified follow-
ing 4, 6, 8, 10, 12 and 14 days of incubation. Severity
over time was assessed as described previously. Time
required for 50% lesion development and the maxi-
mum severity were determined for each treatment.
Lesions occurring in high numbers began to coalesce
over time in some treatments, so maximum severity
was compared among treatments at day 10. Every
treatment consisted of six plants with a single inocu-
lated leaf per plant placed together in an incubator at
each temperature. The experiment was performed
twice. Statistical analysis of the data was conducted
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with the PROC GLM procedure, and treatment means
were compared with Tukey�s test (SAS Institute, Cary,
NC, USA).

Results
Effects of temperature and leaf wetness on infection

Leaf wetness duration and temperature each affected
infection by P. melanocephala in both experiments
(P < 0.001), and the combined effects also were highly
significant (P < 0.001). Differences were detected
among wetness periods and temperatures (Fig. 1).
Leaves exposed to 4 h of leaf wetness did not develop
symptoms regardless of the incubation temperature
following inoculation, and no infection occurred with
a 7-h wetness period at 15 and 31�C. A few lesions
developed with a 7-h wetness period at 17 and 19�C.
Increasing the length of the leaf wetness period from 7
to 10 or 13 h resulted in a progressively higher number
of lesions at 17 and 19�C. Increasing leaf wetness from
7 to 13 h resulted in an increase in severity at tempera-
tures ranging from 17 to 27�C. Severity was higher in
Experiment 2 for leaf wetness periods of 7 and 10 h at
disease favourable temperatures of 23–29 and 21–
29�C, respectively.

Inoculation resulted in successful leaf infection for
the entire temperature range of 15–31�C, but differ-
ences were detected among temperature treatments
(Fig. 1). Disease severity was low at 15 and 31�C
regardless of leaf wetness period. Temperature had a

differential effect on lesion number depending on the
length of the leaf wetness period. An optimal tempera-
ture range (no differences among treatment severity
values) of 21–27�C was evident with a 7-h wetness per-
iod, but an optimal temperature range of 17–27�C was
detected with a 13-h wetness period. Appreciable infec-
tion occurred at 29�C only in Experiment 2.

Effect of temperature on postinfection brown rust development

Postinfection temperature affected the time required
for lesion development and maximum severity
(Table 1). The time required for 50% lesion develop-
ment was 10 days at 15�C. Less time was required at
20 and 25�C. Seven and 8 days were required at 20�C
in Experiments 1 and 2, respectively, and 7 days were
required at 25�C. The times required for 50% lesion
development at 30 and 32�C were similar to the time
required at 15�C. Ten and 11 days were required at 30
and 32�C, respectively, in Experiment 1. In Experiment
2, the 9 days required at 30�C was not different than
the 8 days required at 20�C, while more time (12 days)
was required at 32�C. Coalescing lesions made it diffi-
cult to accurately determine the maximum disease
severity resulting from infection; however, a few differ-
ences were detected among postinfection temperatures
(Table 1). The highest severity occurred at 15 and
20�C in Experiment 1 and 15, 20 and 25�C in Experi-
ment 2. Lesion numbers were higher at 15, 25 and
30�C in Experiment 2.

Discussion
Infection by P. melanocephala assessed as disease
severity was affected by leaf wetness and temperature,
and changes in one variable influenced the effect of the
other. Successful infection occurred following a 7-h
but not 4-h leaf wetness period. Five- and 6-h wetness
periods were not compared, but a previous study
(Raid and Comstock 2000) suggested an 8-h leaf wet-
ness period was required for infection. Low levels of
infection occurred at 15 and 31�C regardless of leaf
wetness period. An optimal temperature range of
21–27�C was evident with a 7-h wetness period, but
the optimal range expanded to 17–27�C when the
leaf wetness period increased to 13 h. Increasing the
length of the leaf wetness period from 7 to 10 or 13 h
generally resulted in the development of higher

(a)

(b)

Fig. 1 Effect of temperature and leaf wetness duration on brown
rust infection and severity. (a) Experiment 1; (b) Experiment 2. Bars
on treatments indicate mean standard error

Table 1
Effect of postinfection temperature on the time course for brown rust
lesion development and on maximum disease severity

Variable Experiment

Temperature (�C)a

15 20 25 30 32

Days until the
formation of
50% of lesions

1 10 a 7 b 7 b 10 a 11 a
2 10 ab 8 cd 7 d 9 bc 12 a

Maximum disease
severity (lesions⁄cm2)

1 33 a 52 a 17 b 6 b 10 b
2 61 a 51 ab 60 a 27 b 4 b

aMean values within a row followed by a different letter were signifi-
cantly different (P £ 0.05) according to Tukey�s test.
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numbers of lesions within the optimum temperature
range.

The reasons for higher disease severity in Experi-
ment 2 at temperatures within the optimum range with
7 and 10 h of leaf wetness are uncertain. The uredinio-
spore source was different for the two experiments, but
spore viability was similar. Research on two other
Puccinia species on wheat, P. striiformis and P. tritici-
na, demonstrated that low light quantity prior to inoc-
ulation reduced infection efficiency (Vallavieille-Pope
et al. 2002). In this study, Experiment 1 was conducted
from December to February (winter), while Experi-
ment 2 was conducted during July and August (sum-
mer), and solar radiation measurements from a nearby
weather station for the plant growth period prior to
and during the two experiments averaged 0.109 and
0.232 watts⁄m2, respectively. This difference suggests
that a similar phenomenon could exist for brown rust,
but additional research is needed to confirm whether
light quantity also can affect infection efficiency by
P. melanocephala. The results from this study were
consistent across experiments for the minimum and
maximum leaf wetness and temperature conditions
needed for infection. These are the parameters of
greatest influence in the epidemiology of the disease.

The 7-h leaf wetness period needed for infection by
P. melanocephala was similar to a previous study that
suggested a requirement for at least 8 h of exposure to
liquid water for infection (Raid and Comstock 2000).
In addition, the formation of lesions at temperatures
within an optimum range of 17–27�C coincides with
P. melanocephala urediniospore germination results
obtained in other studies. Optimal germination tem-
peratures ranged from 21 to 26�C (Sahni and
Chona 1965; Ryan and Egan 1989) and 15 to 30�C
(Sotomayor et al. 1983).

Visible lesion formation was observed 6 days after
inoculation in these experiments, but symptom devel-
opment continued until the 14th day. Sotomayor et al.
(1983) reported the rupture of the epidermis and for-
mation of urediniospores beginning 7 days after inocu-
lation. A time period of approximately 8–11 days was
assumed to be necessary between spore germination
and the production of a new generation of spores by
Irey (1987).

Factors affecting postinfection lesion development
have not been addressed previously for brown rust.
The current research found that postinfection tempera-
ture affects the time required for lesion formation and
maximum disease severity. Lesion development was
more rapid at the moderate temperatures of 20 and
25�C. Similar results were found for infection by
P. recondita in wheat (Eversmeyer et al. 1980). As with
P. melanocephala, temperatures below and above the
optimum range increased latent period length. How-
ever, increasing temperatures decreased latent period
length for alfalfa rust caused by Uromyces striatus but
did not affect infection efficiency (number of pustules
per leaf) (Webb and Nutter 1997). Maximum brown
rust severity was reduced by postinfection suboptimal

high temperatures of 30 and 32�C but not by the sub-
optimal low temperature of 15�C.

Field application of the study results will require
additional research and appropriate interpretation.
A 7-h minimum requirement and higher infection with
increasing leaf wetness period could explain disease
development associated with dew formation under field
conditions. Explaining disease initiation and severity
under field conditions where temperature is constantly
changing is more challenging than under controlled
conditions. However, the results of this study are con-
sistent with the results of previous field studies. In the
Dominican Republic, ambient temperatures above
35�C were linked with reduced disease severity (Liu
and Bernard 1979), and lower aerial concentrations of
urediniospores followed maximum ambient tempera-
tures above 30�C in Florida (Irey 1987). In Hawaii,
maximum brown rust development was observed when
mean minimum monthly temperatures were 20�C or
below (Comstock and Ferreira 1986).

The minimum, optimum and maximum values deter-
mined in this study for leaf wetness and temperature
and the results of their combined effects could be help-
ful when making comparisons with data from natural
epidemics to improve our understanding of conditions
required for epidemic onset, rate of increase over time
and eventual decline of epidemics. This could eventually
allow the development of a disease advisory or field-
level forecasting system to predict the initiation and
potential severity of brown rust epidemics in susceptible
sugarcane cultivars during each growing season.
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